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Spray Characteristics of Impinging Jet Injectors at High Back-Pressure

P. A. Strakey” and D. G. Talley
Air Force Research Laboratory
AFRL/PRSA
10 E. Saturn Blvd. Edwards AFB, CA 93524

Abstract

Atomization characteristics of an impinging jet injector were studied over a range of injection velocities and back-
pressures typical of liquid rocket injectors. Sheet breakup length was measured by strobe light imaging and was
found to decrease with increasing injection velocity and chamber pressure. The experimentally measured breakup
length was compared to linear stability theory and agreement was found to improve with increasing chamber gas
density. At low chamber pressures, disturbances due to impact waves were believed to be the primary breakup
mechanism. Measurements of droplet size distribution were made with a combination of laser diffraction and
droplet imaging instruments. Droplet size was found to be a highly non-linear function of chamber pressure and
axial distance from the impingement point. Sauter mean diameter was found to decrease with increasing chamber
pressure and axial distance. Secondary atomization was believed to be the breakup mechanism responsible for this
dependence. The width of the droplet size distribution was also found to be a function of chamber pressure.

Introduction

A common injector used for both boost and orbit
transfer liquid space propulsion is the impinging jet
injector. Impinging injectors have .been used
successfully for many years in a variety of engines (F-1,
Titan, H-1), but are often operated at sub-optimum
performance in order to maintain adequate chamber
wall protection and combustion stability. For high-
pressure boost engines and pre-burners, which can
operate at pressures on the order of 20 MPa, impinging
injectors are typically used in a like-on-like
configuration with liquid oxygen and kerosene as
propellants. In this configuration, two oxidizer streams
are impinged on one another to form a liquid oxidizer
sheet. The sheet rapidly breaks up into large ligaments
which in turn break up into smaller droplets forming an
elliptically shaped spray fan. A fuel spray fan is
formed in a similar fashion and the two sprays are
overlapped to provide propellant mixing within a single
element. Several hundred elements are arranged across
the injector faceplate to provide the total propellant
flow.

There have been several experimental cold-flow
studies that have shown a sensitivity of spray
characteristics to injector design and operating
conditions [1-5]. Only a few of these studies
investigated the effects of chamber pressure, and most

of these studies were limited to relatively low chamber -

pressures (P, < 2 MPa) relative to typical rocket
operating conditions [2-5]. Lower simulation cold-flow
pressures are often justified based on a gas density

" Corresponding author

similar to the chemical equilibrium gas density for the
higher pressure hot-fire conditions. It is not clear
however, that the equilibrium gas density is the
appropriate gas density to use in calculating droplet
size, especially near the injector faceplate where much

- of the atomization is taking place.

Lourme [2] and Hautman [3] provided correlations
of mass median droplet size with injector operating
conditions. Lourme's correlation had a gas density
power dependence of -0.2 and a velocity dependence of
-0.95. Lourme also showed a decrease in the width of
the droplet size distribution with increasing gas density.
Hautman provided a similar correlation with a gas
density raised to the -0.16 power and velocity raised to
the power of 1.24.

Dombrowski and Hooper [4] found that a single
correlation could not capture the effects of gas density
on mean droplet size. They provided three correlations
with a gas density dependence that increased with
increasing gas density. Their correlations resulted in
gas density raised to the -0.1 to 0.25 power over the
range of gas densities from 1.2 to 16.0 kg/m’.

/"-}a\'\!/'\w

Anderson et d). [5] measured sheet breakup length
and droplet size over a range of chamber pressures from
0.1 to 1.05 MPa. The found that breakup length
decreased with increasing chamber gas density and that
the non-dimensional breakup length, X/d,, could be
correlated as a function of Weber number based on the
liquid jet properties and the gas to liquid density ratio.
They also found a drop size dependency on gas density

Approved for public release; distribution unlimited.




similar to that of Lourme and Hautman. An impact
wave breakup mechanism, similar to that proposed by
Dombrowski and Hooper was believed to govern the
resulting droplet size. o sAVOX
W

One of the goals of this inyestigation is to expand
the database of droplet size and/sheet breakup length to
gas densities up to 118 kg/ (P;=10.44 MPa). Since
spray combustion modeling is of primary interest with
respect to this type of data, an increased understanding
of the atomization mechanisms of impinging jet
injectors is also sought. Ultimately it is hoped that
primary and secondary atomization models appropriate
for rocket combustor conditions can be developed
precluding the use of engineering droplet size
correlations which are currently being used as modeling
boundary conditions [6]. '

Experimental Facility

The experimental facility is capable of
characterizing full scale single element rocket injectors
in cold flow at pressures to 13.8 MPa. Water, which is
used as a simulant, is stored and pressurized in a 1 m’

tank. The injector flow rates are controlled with -

throttling valves and measured with turbine flow meters

‘to an accuracy of +/- 1%. Chamber pressure is
measured to within +/- 0.5% and is pressurized with
nitrogen at ambient temperature. The chamber consists
of 2 0.5 m diameter stainless steel, optically accessible
pressure vessel. Three 50 mm and one 120 mm
sapphire windows provided optical access to the
chamber for spray imaging and for droplet size
measurements. '

The injector used in this study was a like-on-like
impinging injector manufactured by EDM drilling of a
stainless steel plate. The orifices were sharp-edged
with a diameter of 1.194 mm, L/D ratio of 18.4,
impingement angle of 60° and a pre-impingement
distance of 5.96 mm. The injector plate was mounted
on a manifold with a large plenum to reduce manifold

cross-flow effects. The manifold was mounted on a
translating stage within the chamber to allow radial and
axial movement of the injector with respect to the
measurement point.

Measurements were made at injection velocities
ranging from 5 to 50 m/s and with chamber pressures of
0.1 to 10.44 MPa. The variation in Reynolds number
studied was Re = 6x10° to 6x10° and Weber number
based on injector orifice diameter and chamber gas
density of We = 4.7x10" to 4.8 x 10>. Measurements
were made at x = 46 mm, 84 mm and 122 mm from the
impingement point (Figure 1) along the centerline of
the injector axis (z=y =0). '

™ nitial experiments

Figure 1: Coordinate system used for
measurements.

Spray breakup length was measured using a strobe
back-lighting technique. The strobe had a duration of
5 us and a CCD camera and VCR were used to capture
instantaneous images of the spray. The field of view
was approximately 60 x 45 mm.

o Wb v e
indicated a multitude of
diagnostic problems associated with the operating
conditions of interest. At low injection velocities (V=5
the maximum observed droplet size was highly
non-spherical and on the order of 5000 pm at the lower
chamber pressures. A Phase Doppler interferometer
(PDD) was initially used to make droplet size
measurements. Although the PDI instrument could be
optically configured to measure these large sizes, the
validity of the measurement with these highly non-
spherical droplets was questionable. At the highest
injection velocities (V;=50 m/s) multiple droplet
occurrences in the probe volume were observed even at
the smallest formable probe volume of 60 um. It was
therefore deemed that PDI measurements at these
conditions were not possible. In order to accurately
measure the broad range of droplet sizes encountered
here, a combination of droplet imaging and laser
diffraction instruments was used.

A Greenfield Instruments (model 700) imaging
droplet sizer was configured with a long-distance
telescopic lens to provide a measurable droplet size
range of 40 ym to 7500 pm over a depth of field of
about 20 mm. Focus rejection and a depth of field
correction were employed to account for the variation
in depth of field with droplet size. A Malvern
Instruments (model 2600c) laser diffraction droplet

~ sizer was us;d with a 10 mm beam diameter and a 300
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mm range lens to yield a measurable size range of 5.8
to 564 um. The light scattering data was found to
ost fit the Rosin-Rammler distribution, which was
used for all of the data presented here. Also, a multiple
scattering correction was employed which allowed
measurements to be made at Obscurations (1-I/1;) up to
0.975. The chamber pressurization gas was maintained
at ambient temperature and the chamber was
pressurized slowly to minimize refractive index
gradients within the chamber which were found to
cause beam steering problems with the Malvern
measurements.

The final droplet size distribution was obtained by
"splicing" the two volume distributions together using
the droplet size data in the overlapping region to
normalize the two distributions. The final measurable
droplet size range was 5.8 pm to 7500 pm. Note that
the droplet size distribution measured with the
Greenfield and Malvern instruments is a line-of-sight
spatial size distribution as opposed to a temporal size
distribution at a single point in space. Also, both
instruments tend to yield diameters based on the
average droplet cross-sectional area and are not highly
sensitive to droplet shape.

For the higher injection velocities (V; 220 m/s) a
flow splitter was employed to reduce the optical
attenuation and multiple scattering within the spray.
Spray imaging in the absence of the flow splitter

P=0.1MPa  P=0.79MPa

V=10 m/s

indicated a maximum droplet size of about 1500 pm for
V; =20 m/s at all chamber pressures. A splitter plate
separation distance of 4.5 mm was chosen to minimize
intrusive impact on the spray. Imaging measurements
with the flow splitter in place indicated very little effect
of the flow splitter on the measured droplet size
distribution. The splitter plate does provide some
spatial resolution to both the imaging and laser
diffraction measurements. At the lower velocities (V; <
20 m/s), the depth of field of both instruments is greater
than the thickness of the spray, which was measured to
be less than about 20 mm in the z direction at an axial
distance of 122 mm. Therefore, the measured droplet
size is an average in the z direction. Traversing the
spray in the z direction with the flow splitter in place
indicated that there was very little variation in droplet
size in the z direction at the lower injection velocities.
This is in agreement with the spatially resolved PDI
measurements of Hautman [3].

Results and Discussion
Liquid Sheet Breakup

Figure 2 contains a series of spray images spanning
the entire range of injection velocity and chamber
pressure studied here. Liquid sheet breakup length, as
measured from the impingement point to the extent
where the intact sheet no longer exists can be seen to
generally decrease both with increasing injection

P,=3.54 MPa

P,=10.44 MPa

Figure 2: Instantaneous images of spray (viewing in z direction) at 0.1 MPa to 10.44 MPa (left to right) and 5
m/s to 50 m/s (top to bottom). d,=1.194 mm, L/D=18.4, 8=60°.




velocity and chamber pressure. At a chamber pressure
of 10.44 MPa (pg=118 kg/m’), breakup appears to 0ccur
very close to the impingement point.

At each run condition breakup length was
measured to be the average of 30 images and is plotted
in Figure 3 in non-dimensional form for several
injection velocities. Due to the high optical attenuation
at the higher injection velocities and chamber pressures,
breakup length could only be measured up to
V=20 m/s. At atmospheric pressure (P=0.1 MPa)
breakup length increased as jet velocity was increased
from 5 m/s to 10 m/s, but significantly decreased as jet
velocity was further increased. Anderson éf al. [7] and
Heidmann et al. [8] have observed an increase in
breakup length for jet velocities up to 18 m/s for long
(L/D > 80) orifices at atmospheric back pressure. The
decrease in breakup length for velocities greater than
10 m/s observed here could be due to the shorter L/D of
18.4 used in this study. A higher turbulence intensity
just prior the point of impingement would be expected
with a shorter L/D orifice since most of the turbulence
is generated near the orifice inlet and would have less
time to decay to a fully developed condition. The
higher turbulence intensity would be expected to
contribute to increased impact wave disturbances in the
liquid sheet. ,
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Figure 3: Non-dimensional breakup length verses
chamber pressure for injection velocities of 5,10 15 and
20 m/s. d,=1.194 mm, L/D=18.4, 6=60°. Error bars
represent standard deviations from the 30 images.

Impact waves Were originally proposed by
Dombrowski and Hooper 91, who observed the
formation of disturbances very close to the point of
impingement. Impact waves have been described as
disturbances in the jets at the point of impact either due
to turbulent fluctuations in the pre-impinging jets or due
to a disturbance generated by the jet impact, such as an
oscillating stagnation point [10]. When the inertial
forces due to momentum fluctuations at the point of
impact exceed the surface tension forces maintaining
the sheet integrity, breakup could occur.

At atmospheric back-pressure, cavitation was
found to occur for jet velocities greater than 17 m/s. At
chamber pressures higher than 0.25 MPa cavitation did
not occur for any jet velocity below 22 m/s. While
cavitation has been known t0 affect breakup length for
short L/D single orifice injectors {11], no distinct
change in breakup length is observed here when

crossing between cavitating and non-cavitating regimes.

Chamber pressure is observed to both decrease the
breakup length and render breakup length insensitive to
injection velocity (Fig. 3). Also note that at V=20 m/s
breakup length is nearly independent of chamber
pressure. At conditions of either high injection velocity
or high chamber pressure breakup length is very short
compared to typical combustion chamber lengths. This
is a fortuitous condition when modeling combustion
processes with impinging jet sprays as the injectors are
usually treated as sources of droplets emanating from
the impingement point. {6l

Anderson et al. [5] measured sheet breakup length
at chamber pressures up to 1.05 MPa and found that the
breakup length could be correlated with Weber number
based on the liquid jet properties and gas-to-liquid
density ratio. Figure 4 is a plot of non-dimensional
breakup length measured in this study as a function of
Wej(pg/p,)2 along with the correlation of Anderson ef al.
Also shown in Fi% is a correlation derived here
showing a greater gas density dependence over the
extended range of gas densities studied here. The
shorter breakup lengths measured here might indicate a
Reynolds number dependency since the orifice diameter
used here was about twice as large as that used by
Anderson. Note however that this correlation is only a
rough approximation and does not capture the true
effect of injection velocity over the entire range of
pressures studied. The R? value for this correlation is
0.79. R? is the square of the correlation coefficient
and a measure of the degree of fit. A perfect correlation

would have a R? value of 1.0
100
—___ Anderson et al. (d=0.51 mm 6=60°)
Xbidg = 13.56(Wei (Dg/PI)z)-A 02 e Pc=010MPa
i ¢ Pg=030MPa
------- - Current Correlation a Pc=0.79MPa
Xp/dg = 6.47(Wej (pglp)?) 1% o Pe=354MPa
..... a Pg=10.44 MPg
(=]
©
0
X -
10 A o M L . .
-
v . ° .
0.001 0.01 01 1 10
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Figure 4: Non-dimensional breakup length as a function
of the correlating parameter along with the correlation
of Anderson et al. [5]. d;=1.194 mm, L/D=18.4, 6=60°.




parameter n at an axial distance of 46 mm is plotted in
Figure 8.

dZ;)D) =nbD"" exp[— bD"] )

The width of the distribution is seen to initially
decrease with increasing chamber pressure but then
begins to increase as chamber pressure is increased
beyond 3 MPa. The decrease in 1/n at the lower
chamber pressures is consistent with the findings of
Lourme [2]. The decrease in the width of the
distribution could be due to breakup of the larger
droplets into smaller droplets which are already present
in very large number densities, which was evident from
Fig. 7. The elimination of the tail of the distribution
would result in an overall decrease in the width of the
distribution. The sudden increase in the width of the
distribution for chamber pressures greater than 3 MPais
not clearly understood. Also note that the width of the
distribution increases with increasing injection velocity
which would be expected with increasing atomization
energy.
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0.4 1

0.3 1

02 v T
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3 ,
Figure& Inverse of Rosin-Rammler parameter,
n verses chamber pressure for several injection
velocities. d,=1.194 mm, L/D=18.4, 6=60°,
x=46 mm.

The effect of axial distance on the droplet size
distribution was found to be even more complex than
the effect on mean droplet size, therefore a correlation
of n with injector operating conditions was made only
for the axial location of 46 mm (Egn. 6). The axial

distance of 46 mm was chosen because this is the
measurement point closest to the impingement point
and thus the most useful as a modeling boundary
condition.

n=338p02V; "% ©)

ante”

The R® correlation coefficient for Eqag, 6 was 0.94. The

Rosin-Rammler parameter, b, can be related to D3
through the relationship;

1 )
nDnl'(l —l)
n

where T can be obtained from gamma function tables.

b=

Summary and Conclusions

Measurements of liquid sheet breakup length, mean
droplet size and size distribution for jet velocities up to
50 m/s and chamber pressures up to 10.44 MPa have
been presented. Breakup length was compared to
calculations based on linear stability theory. General

" conclusions are as follows:

e Breakup length decreases with both increasing
injection velocity and chamber gas density. The
decrease in breakup length is attributed to an
increase in impact wave instability and/or an
increase in aerodynamic stresses on the liquid sheet
at the higher injection velocities and chamber
pressures.

e At either high injection velocity or high gas density
the breakup length is very small and nearly
independent of the injector operating conditions.

o Liﬁear stability . theory greatly over-predicts the

breakup length at low gas densities where
aerodynamic stresses are small and impact wave
breakup would predominate. At higher chamber
pressures, agreement between experiment and
theory improves as aerodynamic stresses increase
relative to impact wave instabilities which would
be less sensitive to gas density.

e Mean droplet size is mildly dependent on chamber
pressures for P, less than about 3 MPa. At higher
pressures, mean droplet size decreases significantly
with increasing pressure and distance from the
impingement point.  Secondary atomization is
believed to be the dominant mechanism behind
pressure effects on droplet size and is evidenced
through a decrease in number density of the larger
droplet sizes at the highest chamber pressure.

e The width of the droplet size distribution initially
decreased with increasing gas density as the largest
droplets are removed from the distribution by
secondary _atomization. Increasing the chamber




